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ABSTRACT 
A data processing method based on a kriging technique was developed to merge two data sources relative to 
wind velocity at the sea surface within a basin-scale region (the tropical Atlantic Ocean): one from in situ wind 
observations in a ships of opportunity network and the other from satellite measurements involving reconstructions 
of wind velocity from the Geosat altimeter signal. The kriging parameters used are computed and discussed. 
The high density of the combined shipsatellite data files allowed the integrated time step to be reduced from 
one month to 10 days. To illustrate the method, resulting wind velocity patterns are given for three IO-day 
running periods. The technique was validated at monthly and 10-day time periods by comparison with inde- 
pendent data processing sources involving only in situ observations or Geosat measurements. Work is now in 
progress to extend this method to wind vectors supplied by the scatterometer boarded on the ERS-I satellite. 
1. Introduction 
Progress in understanding climatic variability re- 
quires a better evaluation of meteorological parameters 
at the air-sea interface. Among these parameters, the 
wind field is of prime importance for empirical studies 
and numerical experiments relative to oceanic circu- 
lation on a basin scale. This is notably the case in trop- 
ical regions where ocean response to atmospheric forc- 
ing is particularly rapid and impressive. Wind stress is 
of first importance as a driving force for running 
oceanic general circulation models ( OGCMs) . More- 
over, the thermal forcing of the ocean, related to tur- 
bulent heat flux components at the air-sea interface as 
well as to ocean-atmosphere CO2 gas fluxes, depends 
largely on wind velocity. 
The spatial resolution of OGCMs is about 100 km 
(occasionally less, e.g., along the equator and coasts), 
and the integration step is generally hourly (e.g., An- 
drich et al. 1988). Obviously, current technology for 
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gathering marine wind observations is unsatisfactory 
for such fine space-time resolution. Until recently, the 
only possibility for mapping observed wind fields was 
to use marine weather reports collected by selected 
ships navigating across the oceans. In spite of the lim- 
itations inherent in this observational procedure (e.g., 
spatial data density related largely to the main shipping 
lanes, errors in measurements and/or data transmis- 
sion, etc.), these wind observations were, and still are, 
very useful to climate studies. Moreover, in recent 
years, there has been renewed interest in this approach 
because of a continual increase in the real-time trans- 
mission rate. However, the number of weather reports 
has remained limited, especially in the southern oceans. 
Consequently, it is still impossible, at least on an 
oceanic basin scale, to analyze wind fields at time steps 
of less than one month. Undeniably, this is a serious 
handicap to improving knowledge of the effect of syn- 
optic wind fields on the ocean. 
In the future, wind data derived from satellite ob- 
servations will undoubtedly provide additional, very 
detailed information. “Satellite wind” is in fact a sea 
surface wind estimation reconstructed from the state 
of the oceanic surface, which is itself measured by sat- 
ellite instruments such as microwave radiometers, al- 
timeters, and scatterometers. The two first-mentioned 
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I instruments supply only the modulus of the wind, as 
in the case of the altimeter boarded on Geosat during 
1984-89. The scatterometer provides both wind com- 
ponents, but such data has only been available in an 
operational mode since 199 1, thanks to satellite 
ERS-I. The reconstruction of sea surface wind is done 
with empirical models, which on the whole provide 
reasonable results. However, there can be difficulties 
in cases of very high (>20 m s-') or very slow (t4 
m s-') wind speeds (Etcheto and Banège 1992). 
One great advantage of the satellite as compared to 
weather reports is the instant availability and enormous 
space-time density of the data, which should allow de- 
termination of synoptical wind fields at less than 
monthly time steps. 
One obvious operating procedure would be to con- 
struct wind fields solely from satellite data. However, 
our intention was to test the feasibility of constructing 
wind fields from an appropriate management of both 
satellite and ship datasets. In our opinion, this approach 
has three advantages: 
(i) all wind observations available within a delimited 
area during a given period are used, regardless of the 
type of information; 
(ii) deficiencies in one type of data are more or less 
compensated by the quality of other types; 
(iii) management of satellite-ship datasets should 
ensure better continuity in conducting multiyear time 
series previously based only on ship data. 
The numerical procedure used here to merge satellite 
and ship wind data is based on geostatistical methods. 
Since this work was exploratory, the study was delíb- 
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FIG. 1. An example (February 1992) of monthly distribution de- 
rived from surface observations provided by ships of opportunity in 
real time on the GTS. Note the two oblique lines surrounding the 
high density of data along the Europe-South America shipping route. 
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FIG .2. An example (cycle 3 from 12 December to 29 December 
1986) of Geosat tracks. Note that three tracks are very close to the 
Europe-South America shipping route (see Fig. 1 ) . 
As we used wind modulus data provided by the 
Geosat altimeter, the wind direction component could 
not be taken into account. Wind velocity data supplied 
by marine weather reports transmitted in real time on 
the Global Telecommunication System (GTS) sup- 
plemented satellite wind information. Our study was 
limited in space to one oceanic basin, that is, the trop- 
ical Atlantic Ocean, which is our usual monitoring area 
(Servain 1990). The study was also limited in time 
since the geostatistical coefficients used in implement- 
ing the computational method were estimated over a 
12-month working period, and the wind data-merging 
procedure was performed during a 1-month test period. 
The paper is structured as follows: Brief information 
about the datasets used is given in section 2. The com- 
putational method is then developed in section 3 and 
the wind patterns related to the test period discussed 
in section 4. A conclusion and statement about future 
work are provided in section 5. 
2. Data 
a. In situ data 
Monthly time series of 2" latitude X 2" longitude 
averages and anomalies of pseudo-wind stress (wind 
components times wind magnitude) have been edited 
and regularly updated (Picaut et al. 1985; Servain et 
al. 1987; Servain and Lukas 1990, hereafter SL; 
BOAT'S collection 1990-9 1 ). In addition to their in- 
terest for ocean modeling ( Morlière and Duchêne 199 1; 
Servain et al. 1992), these time series are important 
for climatic change studies (Picaut et al. 1984; Servain 
and Legler 1986). Originally, raw data were provided, 
with a minimum 6-month delay, by the National Cli- 
matic Data Center (NCDC). Now, wind data collected 
by ships of opportunity are routed monthly to our 
computer facilities via the international network (Ser- 
vain 1990). About 7000 observations per month are 
available over the study area. An example of monthly 
data distribution is given in Fig. 1. As noted above, 
large spatial irregularities appear in the data sampling. 
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b. Geosat data 
Geosat data were collected during the Exact Repeat 
Mission ( E m )  between October 1986 and September 
1989. For that mission, the Geosat repeat cycle (the 
time separating the quasi-coincidence of two tracks on 
the earth surface) was 17 days. One cycle was composed 
of 245 revolutions around the earth. Two adjacent 
tracks were separated by about three days and spaced 
by 164 km at the equator (Fig. 2). Alongtrack spacing 
was 6.8 km, corresponding to 1-s averages on the geo- 
physical data records [see Cheney et al. ( 1987) for more 
details]. 
Several algorithms have been proposed to compute 
wind velocity 10 m from the near-nadir radar cross 
section go provided by a satellite altimeter (e.g., Brown 
1979; Goldhirst and Dobson 1985; Chelton and Wentz 
1986; Dobson et al. 1987; Witter and Chelton 1991). 
Wind calibration is generally achieved using ship and 
buoy measurements as references. The quality of each 
algorithm can differ depending on the oceanic region 
and the time scale for averaging data (e.g., Boutin 1990; 
Etcheto and Banège 1992). In our case, a preliminary 
statistical study (Muzellec 199 1 ) led to selection of the 
algorithm proposed by Chelton and Wentz (1986). 
3. Computational method 
Geostatistical techniques, especially the interpolation 
method known as kriging (Matheron 1971), were in- 
troduced in oceanographic studies 20 years ago (Olea 
1974). The method used here to merge wind mea- 
surements is derived from an extensiontto time aver- 
aging of a study proposed for sea surface temperature 
(Gohin and Langlois 1993). By kriging, we estimate 
the wind values on a regular grid (in space and time), 
taking into account the available dataset in the vicinity 
of each node. The local estimators are linear combi- 
nations of observed measurements whose weights de- 
pend on their origin (in situ or satellite) and the dis- 
tance between time-space locations. The optimal in- 
terpolation fulfills both a condition of nonbias and a 
condition of minimum error. 
For statistical modeling of the kriging error we set 
hypotheses through two main assumptions, respec- 
tively, linked to the raw error and the spatiotemporal 
correlation of the wind measurements: 
0 The first assumption deals with (i) variance of in 
situ measurements and (ii) variance of Geosat mea- 
surements, the latter being subdivided into two terms, 
that is, true white noise and correlated noise along the 
same track. 
0 The second assumption concerns the spatiotem- 
poral structure schematized by the existence of the var- 
iogram of wind velocity V considered as a random 
function 
Y(Ah,At )  = 1 / 2 E [ V ( ~ i A / ? , t i A t )  - V(x2t)I2, 
where Ah and At are space and time increments, re- 
spectively, and E is the statistical mean. This implies 
that the variance of the difference [ r/(x+Ah,l+Ar) - V(x,r 11 
depends on the distances between their space-time lo- 
cations ( A h ,  A l )  and does not depend only on their 
space locations. 
The space-time variogram is expressed as an ex- 
ponential function: 
where w is the sill value, a is the space range, and a/ b 
is the time range. 
Note that spatial isotropy of the signal is assumed, 
which is obviously an approximation of reality. 
Experimentally, the variogram components were 
first estimated separately for each type of wind data 
and then on a mixed set of wind data. Such a study is 
more precise if based on ship and satellite data closely 
related in both time and space. For that purpose, we 
used a particularity of Geosat orbits previously ex- 
ploited by others (Arnault et al. 1992). Three descend- 
ing tracks (Fig. 2) pass alongside the main shipping 
lane between Europe and South America (see Fig. 1 ). 
Due to technical problems (i.e., stability of the satellite 
platform, etc.), all Geosat tracks were not always fully 
sampled. In view of the density of wind information 
supplied by the three tracks during ERM, we selected 
a one-year-long period ( 1 October 1988-29 September 
1989) overlying cycles 41 to 62 (Fig. 3). During this 
one-year period, around 250 O00 satellite wind data : %  I 
"were available. This number is to be compared with 
roughly 11 O00 ship wind data observed during the 
same time period within the two oblique lines strad- 
dling the Europe-South America shipping route (see 
Fig. 1 ) . A time-space study performed for these ob- 
servations (Muzellec 1991 ) indicated that 633 satellite- 
ship data pairs corresponded simultaneously to a dis- 
tance of less than 200 km and a time span of less than 
6 h. 
Because the time interval between two adjacent 
tracks is so large (about 72 h), the time autocorrelation 
<x I.*> 
i-- --- ,j .. -- IO 
a B I  41 61 68 
Cycle number 
FIG. 3. Number of wind data available along one track for each 
Geosat cycle, from cycle 1 (October 1986) through cycle 62 (Sep 
tember 1989). 
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related to Geosat wind data cannot be estimated for 
small time lags but can only be computed at O, 72, and 
144 h, etc. 
A time variogram can be computed based on ship 
wind data pairs. It is defined as 
The time step At is 6 h, according to the time interval 
between two successive synoptic sendings on GTS. This 
calculation is based on ship wind data pairs separated 
by a time interval included between n At and ( n  + 1 ) At , 
and by a distance of less than 50 km. This 50-km value 
is an intermediate choice: it must be large enough for 
the number of data pairs to be statistically sufficient 
and small enough to avoid aliasing of spatial variability. 
The calculated exponential adjustment of y( t )  is 
(3) 
where t , expressed in 6-h units, ranges from O to 5 days 
(n = 20). The value 3.1 appearing at the origin of this 
experimental variogram is the variance of the in situ 
error. 
I 
y(2) = 3.1 + 5.5( 1 - e-'/5.2) (m2 s-~), 
The space variograms are defined as follows: 
(4)  
Here, the calculations are independently based on 
satellite and ship wind data pairs. These pairs are re- 
corded at a given time (in practice, within a 6-h period 
for ship observations and along individual tracks for 
Geosat data) and separated by a distance interval in- 
cluded between n A x  and ( n  + 1)Ax. 
With an appropriate value of A x  equal to 50 km, 
the experimental space variograms estimated according 
to an exponential function between O and 1500 km 
are given by 
ships: y(x) 
2 
?@Ax) = '/2E[V(x,t) - V(&nAx,t)l - 
= 3.5 + 5.8( 1 - (m2 s-~) ,  (5) 
Geosat: y(x) = 0.6 + 5.8( 1 - (m2 s-~ ) ,  
(6)  
{ where x is expressed in 50-km units. Values 3.5 and 
0.6 are the variances of in situ and Geosat errors, re- 
spectively. In fact, the Geosat error variance is much 
greater than 0.6 because errors are correlated along a 
track and for a short distance and do not lead to a 
visible effect at the origin of the variogram. A fully 
detailed computation of the Geosat variance error 
(Muzellec 199 1 ), obtained by analyzing paired ship 
and satellite data along the Europe-South America 
shipping route, showed that the true Geosat error vari- 
ance is approximately equal to 2.9. This variance is 
composed of two terms: the first [ 0.6 m2 s-', the value 
appearing in Eq. (6)] is an estimation of the individual 
measurement error, whereas the second (2.3 m2 s - ~ )  
could be related to an along-track error effect due to 
. 
some systematic problems in wind observation (e.g., 
a temporary problem with satellite attitude angle, etc.). 
Note that the sill values in the experimental space 
variograms are identical [u  = 5.8 m2 s - ~  in Eqs. (5) 
and (6)] and very close to the one in the experimental 
time variogram (u = 5.5 m2 s-2). The space ranges 
are somewhat different for ship [a = 15.1 in Eq. (5)] 
and Geosat [a = 10.4 in Eq. (6)] data, so that the 
distance to approach the full space decorrelation by 
95% (given as 3 times the value of a )  is larger for ships 
(about 2250 km) than for Geosat (about 1500 km). 
The time range provided by ship observations [ a / b  
= 5.2 in Eq. (3)] gives about a 4-day period to approach 
the full time decorrelation. 
We calculated a space-time experimental variogram 
y(x,l) obtained by using pairs of in situ data separated 
by various (x, t )  distances. From this 2D variogram 
and the other 1 D variograms defined above [ Eqs. (4), 
(5), and (6)], we adopted the following time-space 
variogram: 
Y ( ~ . , ~ )  = 5.7 1 - exp - - (x + 2.2t) , (7) 
where x and t are in 50-km and 6-h units, respectively. 
It is to be recalled that this model was constructed 
from one year of ship and Geosat data in the vicinity 
of the Europe-South America shipping route from, 
30"N to 20"s. Because this lane crosses through dif- 
ferent wind conditions [strong velocity in the subtrop-* 
ical regions, light velocity close to the intertropical 
convergence zone (ITCZ)] , the model is assumed to 
be representative of mean annual wind propertie$&î 1 
the entire study region. Thus, it has been used f o ~ a l l  
i [ 1: II 
the kriging calculations that follow. j ' k  * _ L I ( .  
, #. 
'1' 
4. Resulting wind velocity patterns 
Wind pattern computations were achieved on a reg- 
ular 225-km X 225-km grid, very close to the 2" X 2" 
grid scheme used by SL. For each grid point, the 
method consisted of integrating the kriging values over 
a &day period. Different wind velocity maps are pre- 
sented here for a one-month period'( December 1986). 
A first computation was made on a monthly time 
scale (6 = 3 1 days) , with reference to wind velocity 
pattern derived from the previous product proposed 
by SL. Because SL analysis initially provides monthly 
pseudostress patterns, such comparison must be made 
with some cautions (Hanawa and Taba 1987). Despite 
this remark, the two monthly wind patterns were quite 
similar (Figs. 4a and 4b) both for amplitude and the 
space gradient. The highest values (I/ > 9 m s-') for 
both studies relate to the core of the northeast trade 
system ( 10"N, 45"W). Another region with secondary 
high values (V > 7 m s-I) corresponds to the core of 
the southeast trade system ( loos, 25"W). The weakest 
wind velocity values (V -= 6 m s-l) were correctly noted 
in the Gulf of Guinea, particularly in the region of the 
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ITCZ off the African coast. Light wind also occurred 
in the northern (22'-30"N) and southern ( 18"-20"S) 
limits of the domain. 
One main objective of our study was to decrease the 
6 period to less than one month. We chose 6 = 10 days, 
a value that should be compared to the 17-day Geosat 
cycle during ERM. Three sequential 10-day integra- 
tions were performed, combining the two types of wind 
data relative to December 1986. Kriging value was de- 
termined for each node, using the 24 closest observa- 
tions independently of data source, though after re- 
sampling of satellite data in an effort to avoid a high 
density of measurements along the satellite track. To 
preserve temporal symmetry, we added a constraint, 
that is, the extraction of half this number during each 
5-day period in the middle of each 1 O-day period. Fig- 
ures 4c, 4d, and 4e show detailed space-time changes 
in wind velocity during December 1986. The range of 
values obtained by 1 O-day ship-satellite computation 
( 1 m s-' < V < 12 m s-') was considerably greater 
than that obtained by monthly ship-satellite calcula- 
tion (3 m s-' < V < 10 m s-'). The area with the 
highest values in the northeast trade-wind sector 
showed a gradual reduction from the first to the third 
1 O-day period. Meanwhile, the southeast trade winds 
steadily increased. Other variations were noted in the 
Gulf of Guinea (lighter winds during the second 10- 
day period) and in regions close to the northern and 
southern limits. 
To evaluate our kriging method, we performed the 
same analysis for each of the 10-day periods during 
December 1986, but used either Geosat measurements 
only or ship observations only. The exceptionally large 
number of ship observations available during Decem- 
ber 1986 (20% more than the monthly mean) facili- 
tated such analysis. We show in Figs. 4f and 4g the 
wind patterns of the first 10-day period for ship and 
Geosat data, respectively. Figure 4h is related to their 
absolute differences. Discussion about the results for 
the two other 10-day periods would be analogous. The 
ship and Geosat wind patterns should be compared 
with each other and considered in relation to Fig. 4c, 
related to the combined analysis. In fact, the resulting 
patterns were quite similar, and the absolute differences 
were on the whole within about 1 m s-'. Furthermore, 
no systematic arrangement, related for instance to sat- 
ellite tracks or shipping routes, was noted in the dif- 
ference patterns. The extremes of wind velocity wtre 
comparable, both for spatial distribution and force. 
Nevertheless, Geosat data seem to amplify the contrasts 
slightly: Satellite strong (or light) wind velocities were 
generally higher (or lower) than those of ship obser- 
vations. This last result, previously noted by Etcheto 
and Banège ( 1992), could be explained by the fact that 
ship wind speed has a tendency to be high at low wind 
speed and low at high wind speed (Pierson 1990). The 
wind pattern obtained by our combined analysis (Fig. 
1, 
! 
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4c) was obviously a compromise between satellite and 
ship wind patterns, although closer to the Geosat pat- 
tern because of the greater number of satellite mea- 
surements (three Geosat measurements for one ship 
observation on average). 
5. Conclusions 
Future climatic research will require observation of 
synoptic wind patterns, especially over oceanic do- 
mains. The determination of such patterns remains 
uncertain when only in situ observations provided by 
merchant ships are used. A new possibility is to use 
wind information provided by satellite measurements. 
Our main objective in this paper was to suggest com- 
bining ship and satellite datasets. For that purpose we 
used wind data provided both by ships of opportunity 
and Geosat altimeter readings over the tropical Atlantic 
Ocean. 
The kriging method appears to be an interesting 
means of combining the two data sources on'a regular 
2" X 2" grid. Because of the high density of the mutual 
database, the wind pattern can be integrated over a 10- 
day period, that is, a time span three times shorter than 
usual with ship data only. This approach should pro- 
vide better understanding of changes in climatic events 
over time and an appreciable improvement in the ac- 
curacy of dynamic forcing in oceanic numerical ex- 
periments. 
The present work was undertaken as a pilotistudy. 
Consequently, not all problems were investigated. To 
improve the demonstration, specific features need to 
be considered. A more extensive study of the choice 
of the neighboring observations used to calculate the 
kriging value at each grid point is required. It would 
also be of interest to take the spatial anisotropy of the 
wind into account in computing vanogram coefficients. 
Moreover, the integration step (a 1 O-day period here), 
as well as the grid scheme, should be chosen to optimize 
the procedure. 
We analyzed only the modulus of the wind since 
wind direction cannot be determined by the Geosat 
altimeter. Both the modulus and wind direction can 
be estimated thanks to a scatterometer such as that of 
ERS-1, a satellite launched in July 1991. Based on a 
sample of a few days of wind data from the ERS-I 
scatterometer, an initial test (Le Naour 1992, personal 
communication) demonstrated that the kriging method 
can also be used for each wind component. A refine- 
ment of our method combining wind vectors provided 
both by this scatterometer and ships of opportunity is 
in progress. This study will include all the features noted 
above that were not investigated in the present work. 
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